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The applicatbn of the tnokcular mechanics tncthud’ to 
calculalboll of the eneQies and probabk confolIMions 
invdvai in tbc collfipuntiottal inversion of I,l’&inaph- 
thy? PVC quantitative results entirely compoaWe with 
the available experimental da& sod provided insight into 
the &tails of the invenion process (in pa&&r in the 
transition state region). In view of tktic em 
results on l.l’-binaphthyi itself. we have now extemkd 

cakuWnutothe%,2&,~and8g8Weaaktihded 
EL4tives in an attempt to gain detailed information on 
thereason(s)fortbemuchgreateropticalstab%tyintk 
242’). than in the 8/W. For exampk, 2. 
hydroxy-l,l’-binaphthyl and the conespond@ acid 
succinate derivative were fouod by Berson sod Green- 
baum’ to have approximate half lives of two days and 
two weeks. respectively, ia boilin bauene. Hall @ 
Turner’ reported that the 2.2’dicarboxyk acid, as well 
an the zr-hydroxymethyl and WBYl 
compounds, failed to racemize after 8hr at 175” (no 
observable cw in optical activity: cf. also work by 
Kuhn and Albrecht’ on the diiarboxylic acid). More 
recent world by Dixon et aI? includes the observoao 
that the 5pecilk rot&ion of 2rdimethyl.l,l%inapht$ 
remained unchanged after 4Ohr in I-methylnaphthale~ 
solution at 2&P. The striking optical labilii of 
compounds in the 8. and 8,8’-s&s has been discussed 
and studied in great detail by Harris u d6 “Classical” 
models (i.e. planar and rigid aromatic riqp) are utterly 
incapable of providing a rationalii for that obaer- 
vatbns. Harris d o/P origklly suggested the di&rence 
inopticalstabititytobepr&rilyductoinii-stateperi 
interactions in the 8,(89series, with concomitant in- 
crease of the initialatate energy and lowering of the 
barrier to cw inversion. As will be dcscrii 
below. the calculations partly cot&m Us mtion, 
but-with judicious interpretation-are found capable of 
providiog a more nuanced picture of the inversion 
process thrn previously possii, inch&g both initial- 
and tfamition-Itate effects. 

The method of cakulation. using tbc molecular 
mchanica program developed bl All&r ei a&,” was 
descriiintheprevkspapcr. towhichtknrdaia 
referredfofdetails.Inthepresentwo*thedit&al 
NlgkSU~fUllCtbIlOfWhiChthe~~nrl~ 

were dculatcd (tbc 3ri* al&y’ was tk w ill 

all cases. vix the C9-G4bCz angle. (In the numbkng 
systcmrbownbebw,tbeMegoupsintbetwomonoMe 
compounds ate thus placed in the 8. and Y-positions, 
respectively.) 

pur(bamon. only innnioo pathways involving rota. ’ 
tbn toward tk. anti (,.tmw”) contlpdoo were taken 
into um&ntu~ since rp inversion paths were pre- 
vitm@fou&‘asexpecte&tobeofmuchhigherenergy 
andthtlsiWomp&kwiththeexpefimeotanyobalXved 
eothatpy of mcemizadoa in the case of I ,I’- 
b&Mtyl.‘u 

Inaoabgywithaurpreviouswork~allofthctran- 
sition4atemodelcakuWonswueinit&datadi- 
hedrala@correspondingtoalocalpotcntialenagy 
minimum(~l).Tbeconformationinthislocalmini- 
mum is essentially equivrleot to the “meao~ inter- 
mediatestructuresuggatcdbyHanisuaL6t01iealong 
the bweat eaaly pathway for con@&onal inversion 
in the 8,Wdisubstitutai compound& (IO the monosub 
stiMalcompounds,theterm”mesoid”iaofcourua 
oknomer due to the lsck of symmetry, but accordiqt to 
ollrcplc~tben tmnetkk exists a bcal mini. 
mum between two (Merent) transikn states eve0 in 
these cases.) 
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2- and &MuhyI-l,l'-bin4phrhyf.t 7%~ initial-state 
potential minimum for tbcse mokcdes is cakuhtal to 
bcratberbrdandshdow(asintbecaseofbiithyl 
itseP)witJlencrgyminimastdikedldangksof 1looand 
114.7” for the 2- ad &Lsubatituted compounds. rrrpec- 
tidy. The minimum for 8-Me-BN is found to lie 
3.1 kcal/mol above that for the ~-MC ado& priody as 
the result of mokdar &formations arising in conncc- 
tion with the pm’ effect9 between the &Me group and tke 
I’C atom (Fm. 2 and 3). 

Fig. 2. c&uhtd initiahtllc gcometly of 8l”culycI.I’-bw’- 
lbyl. 

In our cakdaths, distortion attributable to the petf 
effect has been geaenlly found to be of con&krable 
importance in the detcrmin8tion of relative confor- 
mational energies. Experimental cstimatcs of this effect 
bave apparently not been made for mokdes in the 
l.l’-binaphthyi hea, but pm’ strain in Me-subatiNted 
napht&kaes has been studied by Packer t? 1” usiw a 
kinetic metbud basal on the Menschutkin reaction of 
adogous quidine compounds. and by Mhson,” who 

t~bbreviatioo: Wbinapbtbyl= BN. 

employed the more stra@forward (but experimentally 
morr demadhl#) method of direct cahimetric 
mca8urement. Packer et d’O utiamtai the strains 
present in I-methyl-, 12dimctbyC and U-dimetbyl- 
naphthaleae to be 1.6, 3.4 and 7.6 k&d, re~pectivdy. 
The relevant compahnforourpurposesisbetwcenthe 
Udimethyl- and Udimcthyl compounds, t& first of 
wkidmaybecoilsidcrcdtocatablisbtbezerooftbe 
energy scale. In this way, the pui strain in l$- 
dimethyln8@bakne is found to be approximately 
4.2 kca4mol, which is in reasonably good agreement with 
MAltuon’s thermodynamicdy hmated vahd of 5.7 
and (6.2 f 1.4) kcaUd. In the 8-MbBN rystem. tkc pm’ 
strain i!? expectal to be aomcwlult kss, since the inter- 
action is between a methyl group ad an effectively 
sdkr sp~-hybridhai aromatic cadXnL our caku&ted 
figuEof3.1kcaumoItbuaappearsquiteplausibIeinthis 
context. 

Tbepassagethruu&tbetrdtionstate(Me--Haon 
bondedcon~)occlvsrtadibedral~ofabout11Pin 
both the 2- and 8-aubstitutal dccuks, but the 2-M* 
BNhnsitionstatebcakulataltok7.lkcaUmolhigher 
in energy than that for the ~-MC compoued. The total 
cnerly barrier differeoce in this case is thus 
10.2 kcahnol. No experimental value for this dilfercnce 
is apparently avdabk for comparhn, but the cakuhted 
&ufeiacednlyinaccordwithtkewddocumentedY 
hrged&renceinopticallabilitybetween2-amI&. 
SUbstiMed I,l’-biMphthyh. Tbe encrly ditlenace be- 
tweentbeinitidandtradionstateabcakdatedtobc 
22.5 kcdmol for the ~-MC compound, and 327 kcalhl 
for the ~-MC isomer. (T~Ic adcdatai cncrgiea and avail- 
able experimental data arc summarized ia Table 1.) 8- 
Metbyi-l,l’-bihapkthy~ was prepared in optically active 
form by Cooke aud Harries wfm report a value of 
24.6kcalhol for the enthlpy of mcemimtion (AH’) in 
N.Ndimctbyhmamidc solution. ‘T%c sntisfactory 
agreement between the experimental ad tbcurctiad 
energy ban-h values for &Me-BN lends some 
conthhce to the vphv obtainal for the ~-MC compound. 

We furtbcr note by way of comparh that the 
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Barrier, kcrl/ml Lrrier Incramts, kcal/ml 

capoufi Calc'd Expt'l (AH') Calc'd Expt'l (aI*) 

1.1'~Binrphthyl 20A2 21.96b (21.5$.2)B 0.0 0.0 

L-lmhyl-WI 32.1 - t12.3 - 

2,2'-Dlmthyl-BN 34.9 - +14.5 - 

&Methyl-BN 22.5 24.66d t 2.1 t2.7 

8,8'-Dirthyl-BN 23.0 26.86C t 2.6 t4.9 

experimental increment in AH’ between l,l’-binaphthyl 
itself and the &Me compound is + 2.7 kcalhnol,“’ while 

m calculated increment is 22.5-20.4~ or 
%dhnd (Tabk 1). 

A poiot of iotmst in tbc present context is that the 
transition-state energy difhnce is calcuktal to be mote 
tbaatwkeaslafgeastbeiniti&state~erenceandin 
tbeoppositedircction,adthus(atkastinthiscase) 
iR&iol-state strain is not t!E only hportant raMor behind 
the optical kbii of the &methyl compoud. Of even 
mote hportancc, accodug to the picture resulting from 
ourcakuhtioas,istbegreatereasewithwhicbtbe 
effects of steric clowdiq may be alleviated in tbt! b-an- 
sition state for &Me-BN than in tht of 2&-BN (Fii. 
4 and 5 for &tails). In the ~-MC compound, twisting 
about the c&C,, CI-CCR G-G, G-G ad Cd* 
bondsisappreciabk.adallfourofthe~wbich 

include the I,l’-bond deviate considerably from tbcii 
initial state values, as the naphthyl residues bead away 
from each other to minimize stelic ~ianintbc 
troPsithstate.lRCOlltM,illtbE8-MeWC.hthlgi.9 
con&d primady to four C-C bonds (iltsted of five). 
ad only two of tbc a&s which inchde the l.l’-bod 
(G-C&. and CAX,,) deviate markedly from the 
ideal value of 12V. In both transition-state models, the 
tordonalcontribniontothesterkeneroypfed~ 
but this codbuth is g#ta by 3.3kcalhnol in & 
~-MC than in the &Me compoud. In add&ion, the 
contriin of bed& disturtions totbe steric envy is 
3.5kcal/molgratcrintheformerthaniothektter. 

Part of the transition-state enemy d&fence of 
7.lkcal/1nolisadhctc~nsequenceoftl1einitiaLstate 
pai effect in tbc S-Me compound. Since the mokcuk is 
already distorted in the initid state, the additioaal dii- 
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torthnrequifedtofeacIttktnnsithstatebkx8tIta0 
in tbc ~-MC case.” The deformations in tbc ~-MC tns 
sition state tend to diminhb the repulsive aohadcd 
intcracthsductot&pai&ctandthusbwertbc 
cnczgyrchtivetotbatintbc2-Mecompwpd&+erc 
almost all of tbc tq&ite dcfonuations for t& iovusion 
lWoccssarerck@cdtotbctrnn&hatatc.Iaticrre, 
tberc is Iy) ped effect to facitiwc tlandion-statc 
deformation. 

2x- and 8#-DmcJhyLl,I’-hlphthyl. Due to tlw 
predominaoce of the puf elkct in the determination of 
the relative positions of the initial-state energy levels. tbc 
i&&state dilkrence between tbc 22’- and 8.8’dimethyl 
compounds (6.7 kc&ml) is about twice tbxt between the 
mono Me analogs. This additivity doe8 not bowevcr 
carry over to the tmnsith state; in&d, the hnsition- 
state difference b xomewlmt Iru in tbc dimethyl case 
tl1anintl~mon~Me(Fi6).Tbebansitb1t-shtee~ 
dillmna &CIWCS from 7.1 kcahol (2- VI &Me) to 
5.2 kcalhnol (2J- vs 8.8’dimcthyl). In the 8#dimctbyl 
case,tbeinrrW?dvmderWulrrcpulEioPootIle 
“~Side”OftklldECUkCUlnotbC~peIlS2tCd 

byt&&aseofdistorthsoutbcoppohside,asthis 
leads to iweased pai iatwacths.t In the VdimetItyl 
tnUbSitioaSt&,O~tkOtbCThDd,SUdi8OeflCCtdOCS 
nOtOpcmtc.mdweafck!dtotbeconclusiOllutattbc 
iottwhtion of ao 8’~Me group iato the We-BN system 
misutletn&h-Weeeer#ybyr~amounttbu~ 
tbecoIleapondingc&ngeintbetMec8sc.TkfacttIbnt 
tbc 2Z-transition state nonetbckss iii JSkcaUmol 
abovethtfortbc8,8’-baasitionstrleisinthefinal 
aaalysistbccoWqWceoftbeovemll#fmtl?re!asewitll 
which stuic crowding 00 tbc phg s&k mry be 
diminisbcdintbelatterc8sctlmnintbeformer.An 
anabgau diercnre was mentioned above in tbl! 
presentation of the results far t& 2- and &Me 
compounds. 

Afurtberpointofioterestistlmttkcakulstedlocal 

tlIsbouldkboracinmhldttmtin~tbelTamSww 
al*lhtioar.tbCdri~rnllc~Ul&vrlucCarecpodial 

totbCbC2lmi2im2m. 

minimum, which occ~ at a dibahl aogk (C.-G-C,- 
Cr) of - ISo in Zl’dimctbyl-BN. lies 43 k&not above 
the m poiot for 8Wimctl1yl-BN (at a di- 
Wml aa& of -6’: see Pi. 6). Due to symmetry, tkc 
dikcdml a* oo the opposite side of the mokcuk 
NXX!I-C,) is identical with tk CrCI-C,-Cr angk 
in the disubstituted mokcuks.~ In the 2- and &Me 
compouads. where tk local minima are separated by 
ollly1.Ikcal/mol,tkdilferenceinthedikdraIaltgks 
C&-C,-Cr and C&-G-C, is only T in the ~-MC 
case(-70and-99.nspectively).wbenasitisMlargeos. 
IP in 2.Me-BN (-W and - 1”. respectively). I&is 
clearly indicates that tbc alkviation of steric repulsions 
in the 2-Me-BN loccll minimum requires not only skeletal 
distortions,asinthe&Mecase.botalsorotathabout 
the I,l’-boml. The latter mode of relaxath~ is not avail- 
able to the 2~dimetIlyl compouod because of sym- 
metry. In tbme terms, tire larger dilkence in energy 
between the local minima in t&e dis&stituted molecules 
than in the lnonosubstituted ones (4.5 vs 1.1 Wmol) 
receives an adequate ratio&ii. 

In all of tke models for the local din& the is 
cakulatcd to k apprl!ciab& bend& of tbc naphthyl 
nsidues away from each otk at the I,l’hood (Pi I). 

l%ebeigbtofthebakrtocon@rationalinversionis 
&&ted to be 23.OWmol in tbe 8,8’dimethyl 
compound, only 0.5kcalhol above that for 8-Me-BN, 
pad is to be compared witb a value of 26Skcalhol 
(AH*‘), determined by Badar u a.” which is 
2.2kcaumol above tin? correspond& vahlc of 8- 
dimetbyl-BN. Tbc addiivity of the expcrimd energy 
h&r increments as & and 8’-Me gnwps are introduced 
ioto tk l.l’-binaphthyl skeleton (+2.7k&nol for tk 
est and an addithal + 2.2 kcal/mol for tk second) was 
attriiutcd by Cooke and Harris“ to an assmai ad- 
ditivity of the initial-state pm’ effect. The experimentally 
observed additivity in tbc energy barrier does not emerge 
from tbc calculations; we 6nd + 2.1 kc&no1 for tbc first 
MepoupandaaadditiorrPl+OJtcPUmdfortbesecoad 
(Table I). In view of the previously demo* ability 
of the cakulational InetIuld to quantitatively renect the 
experimental observations,’ this discrepancy deserves 
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6Me-BN (Pi 4) wodd Q pion’ be expected to have a 
mhideectont&stakeoergyoftbctrafmitioastatc 

atthtal solely to in&M-stotrz (Note timt the 
,mo&lprdictsessentiallytbesamedibcdd~foftbe 
8hk ad 8,8’dimctbyl tranaihn states: see Pi. 3 and 
6.) III the 2,(2’)-wmpounds, the lack of ddihity ac- 
um& to our CakuLbions is even more striking: 
compard to t,l’-bilmphtbyl itself, tbc 6rst methyl orwp 
intbe2-positioakdstoanenergybankrincrcmcntof 
123kcal/mol,whikthcsecondMelroupiscakulatalto 
resdtinafulhi ncrawnt of only 22kcaumol. The 
akuhted barrier to con&dod inversion in 
ZTdimethyl-BN is 34.9kcaUmol, which is comparabk 
to an utimatc by Badar et aI.& of the hbcnius 
activaho eaapy for tk raccmizatioo of this com- 
pound (37-4Okcal/mol). The only availabk expcri- 
mental data oo 2.2’dimcthyl-BN.“ referral to above in 
the introductory section of this paper. arc certainly 
compatibkwitbabarrkrasl@as4Okcal/od,pro- 
vidcdahasonabk)vahbcofAS’oftbcorderof-lot0 
-12caU(dK) is assumed. Tbc cakulatal transith- 
state stnu+ for the W-compound is shown in Fu. 8. 

w 
Fii 7. C&&ted ba&bswe w of 8.8’dime&yCl.l’- 

brmsbw. 

one iolpomt factor iobin!3ic to the calculational 
nWbodhndrclevanttotbcprcscntdiscussionisthattbe 
cncfgybarrhareakuktedfromtbcbottomofa 
potential well in tk initial state to the bottom of a 
potentid well in the tradion state. Consequently, the 
ndodofcalculationnmkcsnoaUowanccforc~in 
zerepoht cncxgy kvels between jnitial and transition 
staks.t Far tbc 8,#)erks. this could be an acceptable 
ratiodization of the discrepancy in additivity. but since 
the lack of addiivity is so much more pronounced for 
tbc 2~Wacrica. acub* to our calculations, tbc barrier 
increments in tbc latter series could in pncml be praiic- 
ted to be non-sdditive. 

Tbccakuwonssugestfcnsonabksourccsofenetgy 
bifltenncca in both initial and transition states for the 
pairs of mokcuks studied, and distinctly implicate the 
operation of tbc pd effect a!4 an important (but not 
necewdy predominant) conm’butor to the incrcascd 
optical kbility of the 8- and 8,8’-substitutal compounds. 
Furtbamore, initid- ad transitioo-state energy 
diiTcrencct arc found to be of comparabk importance in 
tbcdctHmidonoftheovdenergybalaocc.Thc 
cakulationr dearly show tbat the degree of torsional and 
bending distortion rapid to alkviate the effects of 
stcriccrow~arcconsidcrablygrcaterintbc2-thin 
the &Me transition state. 

The ihtr points of the calcdatai rcaults depend of 
course upon the parametrizatkn of tbc particular force 
&Id employed, but the major quabtive features of, e.g. 
tbc di&rcaces in transition-state conformation arc 
ncverthe~ likely to retailI their validity. 

Ar&o*kQmaur-we wish lo rkoowkdp our indcbkdncss 
toProf.NannaaL?Iltrpr.Univcnityof~forplrinl 
hisatokcdwllKdwsproqMI(ouldiapoMl.Thirworkw8a 
wpportdinprtbytbeSwaiisbNtiSciinceRcsarch 
COMlUil. 
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